Abstract: To analyze the effect of strain rate upon the state of internal strain energy accumulated in largely stretched glassy polymethyl methacrylate (PMMA), we studied its strain recovery behavior at heating. Specimens were subjected to up-and down jump schemes of strain rate and stretched to various amounts of strain at a temperature below the glass transition temperature Tg. As an ultimate case of the down jump scheme, the stress relaxation experiment was also performed for various durations. Comparing transient stress responses due to the strain rate jump imposed on the specimens with their strain recovery behaviors at heating, we found that to increase time length of viscoelastic stress relaxation had an effect of shifting a temperature range of sub-Tg strain recovery to higher temperatures. Since the strain recovery at less than Tg has been found to be accompanied by a release of the internal strain energy, the present result allowed us to conclude that molecular kinetics of nonlinear viscoelastic relaxation occurring in the largely deformed polymer had an effect to enhance the thermal stability of the internal strain energy accumulated in the deformed polymer.
. INTRODUCTION
A glassy polymer shows nonlinear viscoelastic behaviors under intense mechanical stimuli. The yield phenomenon observed under the condition of constant-rate deformation is a typical example of nonlinear behaviors. A number of molecular models explaining the nonlinear behaviors in glassy polymers have been proposed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, the mechanism of large deformation in glassy polymers is still a subject of controversy. As an experimental approach to study the mechanism of large deformation, deformation recovery behavior of largely deformed glassy polymers has been noticed in connection with their micro-calorimetry. Li et al. [11] , Oleynik [12] , and Adams et al. [ 13, 14] examined deformation recovery at heating and differential scanning calorimetry (DSC) for several glassy polymers deformed beyond the yield point. According to these studies, the following common features of the deformation recovery behavior and the thermal properties for largely deformed glassy polymers have been found: (a) a plot of the deformation recovery rate against temperature has a broad peak located at less than the glass transition temperature Tg and another sharp one at a temperature just above Tg, (b) the strain recovery peak in a temperature range below Tg moves to a higher temperature range with an increase in deformation temperature, and (c) the recovery of the residual strain at less than Tg is accompanied by a release of internal strain energy. Thus, the large deformation in glassy polymers is very likely a process during which the internal strain energy is accumulated in the glassy polymeric system, yet the mechanism of such energy accumulation still remains unclear.
Taking account of the fact that the state of internal strain energy accumulated in a glassy polymer is closely related to its strain recovery behavior observed at temperatures below Tg, the present authors have examined the relationship between the strain recovery behavior and tensile fracture of fully yielded specimens of glassy polymethyl methacrylate (PMMA). In a previous paper [15] , we reported the following results: (a) the residual strain due to a low rate deformation followed by a condition of stress relaxation recovered only at temperatures near Tg and (b) break down strain was relatively small for the specimens provided with a residual strain being recoverable only at temperatures near Tg. Hence, the relation between the strain recovery behavior and the fracture property has shown that the internal strain energy accumulated in the glassy polymer has a noticeable effect on the macroscopic fracture property of the material and that this effect is enhanced by a decrease in strain rate, a rise in deformation temperature and an advance of stress relaxation.
In the present study, we examined the strain recovery behavior at heating for glassy PMMA uniaxially stretched with strain rate jumps to understand the effect of strain rate upon the state of accumulated internal strain energy. The strain recovery behavior of PMMA specimens subjected to the strain rate jump was discussed in relation to the state of the accumulated internal strain energy and the nonlinear viscoelastic behavior in the glassy polymer. Fig. 3(a) and above 85•Ž as in Fig. 3(b) .
The strain recovery rate curves for specimens subjected to the up-jump straining are shown in Fig. 4(a) . Fig. 4(b) . short time after the down jump of strain rate (Fig. 4(b) ), (2) the residual strains introduced by a relatively higher strain rate begins to recover at a relatively lower heating temperature (Fig. 3) . As discussed above, an increase in time length of viscoelastic stress relaxation for the largely deformed polymeric glass is found to have an effect of shifting the temperature range of sub-Tg strain recovery to higher temperatures. That is, the thermal instability of the residual strains recoverable at temperatures below Tg is gradually lessened in the progress of stress relaxation. This finding leads us to a reason why a single maximum strain recovery rate was observed at a temperature below Tg: as mentioned above, in the process of viscoelastic relaxation in the deformed polymer, strains recoverable at a heating temperature is changing into those requiring a higher temperature to recover. Since the distribution of characteristic times of this change ranges from shorter ones for strains recoverable at temperatures much lower than Tg to longer ones for those recovering at high temperatures just below Tg, the largest amount of strains are presumably accumulated in a state in which the characteristic time of the change (i.e., the viscoelastic relaxation time) is numerically comparable to the experimental time scale. Accordingly, a maximum strain recovery rate is observed at a moderate heating temperature below Tg. Strain rate dependence of the peak temperature can also be interpreted by the same reason as just mentioned.
The relation between the residual strain recoverable at lower temperatures and the stress relaxation with relatively shorter relaxation times is qualitatively rather simple because of its similarity to the time-temperature equivalence observed in the linear viscoelastic regime. The present result shows, however, that the relation can not quantitatively be described by the simple time-temperature superposition. As shown in Fig. 5 , for example, the residual strain recovering at sufficiently high temperatures near Tg significantly increased even at short times of stress relaxation. This fact indicates that molecular motions with very long characteristic times in the stressfree state can occur in a very short time under the condition of large deformation. The molecular origin of nonlinear viscoelastic behaviors of a polymeric glass is probably related to this complexity in the accumulation mechanism of the residual strain. Further discussion on the accumulation mechanism will require more sophisticated experimental studies and will be presented in subsequent papers.
CONCLUSIONS
The strain recovery behavior at heating for glassy PMMA largely stretched with strain rate jumps was examined in connection to the transient stress response due to the strain rate jump. The viscoelastic relaxation in the largely deformed glassy polymer is found to lessen the thermal instability of strains having been imposed on the system. Since the strain recovery at less than Tg has been found to be accompanied by a release of the internal strain energy, the present results allowed us to conclude that molecular kinetics of nonlinear viscoelastic relaxation occurring in the largely deformed polymer enhanced the thermal stability of the internal strain energy accumulated in the deformed polymer.
